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Seismic observations have shown structural variation near the base of the mantle transition zone (MTZ)
where subducted cold slabs, as visualized with high seismic speed anomalies (HSSAs), ﬂatten to form
stagnant slabs or sink further into the lower mantle. The different slab behaviors were also accompanied
by variation of the “660 km” discontinuity depths and low viscosity layers (LVLs) beneath the MTZ that
are suggested by geoid inversion studies. We address that deep water transport by subducted slabs and
dehydration from hydrous slabs could affect the physical properties of mantle minerals and govern slab
dynamics. A systematic series of three-dimensional numerical simulation has been conducted to
examine the effects of viscosity reduction or contrast between slab materials on slab behaviors near the
base of the MTZ. We found that the viscosity reduction of subducted crustal material leads to a sepa-
ration of crustal material from the slab main body and its transient stagnation in the MTZ. The once
trapped crustal materials in the MTZ eventually sink into the lower mantle within 20e30 My from the
start of the plate subduction. The results suggest crustal material recycle in the whole mantle that is
consistent with evidence from mantle geochemistry as opposed to a two-layer mantle convection model.
Because of the smaller capacity of water content in lower mantle minerals than in MTZ minerals,
dehydration should occur at the phase transformation depth, w660 km. The variation of the disconti-
nuity depths and highly localized low seismic speed anomaly (LSSA) zones observed from seismic P
waveforms in a relatively high frequency band (w1 Hz) support the hypothesis of dehydration from
hydrous slabs at the phase boundary. The LSSAs which correspond to dehydration induced ﬂuids are
likely to be very local, given very small hydrogen (Hþ) diffusivity associated with subducted slabs. The
image of such local LSSA zones embedded in HSSAs may not be necessarily captured in tomography
studies. The high electrical conductivity in the MTZ beneath the northwestern Paciﬁc subduction zone
does not necessarily require a broad range of high water content homogeneously.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
In the past three decades many seismic tomography models
have visualized common long-wavelength features of high seismic
speed anomalies (HSSA) associated with subducted cold plates. The
tomography models captured images of different behaviors ofþ1 949 830 2938.
a@uci.edu (F. Tajima).
of Geosciences (Beijing)
sity of Geosciences (Beijing) and Psubducted cold plates from region to region as they sink into the
mantle transition zone (MTZ), some ﬂatten to form stagnant slabs
with a lateral extent of over a few thousand kilometers, or others
penetrate into the lowermantle (e.g., van der Hilst et al., 1991,1997;
Widiyantoro et al., 1999; Fukao et al., 2001; Grand, 2002; Zhao,
2004).
The tomography studies led numerical studies to produce a new
class of global mantle convection models with a link to seismic
models (e.g., Bunge and Richards, 1996; Bunge et al., 1998; Becker
and Boschi, 2002; Schuberth et al., 2009a). Simultaneous joint in-
versions of global seismic and geodynamic data (e.g., Simmons
et al., 2006) have shown greatly improved ﬁts to the globaleking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Radial mantle ﬂowmagnitudes based on the convection model by Schuberth
et al. (2009a) are shown in the upper mantle (w340 km), mid-mantle (w1450 km),
and near the base of lower mantle (w2800 km). Coherent patterns were not obtained
in the MTZ. Note that the radial ﬂows (orange for downward up to 5 cm/y and navy
for upward up to þ5 cm/y) concentrate around the plate boundaries in the upper
mantle but diffuse (up to 2 cm/y) in the mid-mantle. The original ﬁgures were
provided by B. Schuberth.
F. Tajima et al. / Geoscience Frontiers 6 (2015) 79e9380convection-related data using the mantle ﬂow theory and provided
supports to reconcile tomography models with geodynamics of
large-scale mantle heterogeneity (Forte, 2007). The large-scale
heterogeneity is generated by the mantle convection process
that is driven by thermal anomalies and agrees well with seismic
tomography images except in the MTZ (Schuberth et al., 2009b;
see Fig. 1).
On the other hand there are still substantial differences among
the published models in their relatively short wavelength features,
in particular, in the MTZ and the upper-most lower mantle where
the major phase transformations of subducted slab minerals and
associated dehydrations occur. Shorter wavelength features in this
depth range should have clues to probe micro processes that
govern macro physics in mantle dynamics. Nonetheless, in-
terpretations of anomaly features are still non-unique and can be
equivocal in terms of effects of temperature, water and geochemical
properties. Different interpretations of anomaly features could lead
only to diverse modeling and hypotheses.
The separation of the crustal layer from the main body of sub-
ducting lithosphere in the MTZ has long been debated (e.g.,
Anderson, 1979; Ringwood and Irifune, 1988; Ringwood, 1994).
Numerical studies have tested mantle convection models with
physical parameters that were measured under high pressure and
temperature conditions. Only a few of them consideredmodels that
are composed of the crust and mantle components with different
densities but the same homogeneous viscosity in two-dimensional
(2D) convection simulation (e.g., Richards and Davies, 1989;
Gaherty and Hager, 1994). These studies did not produce separa-
tion between the two components and concluded that a separation
of the crustal component from the subducting lithosphere should
not occur at the 660 km phase boundary. van Keken et al. (1996)
have shown a simpliﬁed sandwich model, in which a thin, weak
layer between the crust and the cool slab interior can effectively
decouple the crust from the slab main body, and the lighter crust
can rise, leading to a garnet enriched MTZ.
A number of researchers carried out seismic waveform
modeling with a focus on the MTZ structure or the topography of
the seismic discontinuity depths that bound the MTZ using rela-
tively short-wavelength body waves in an attempt to supplement
long-wavelength seismic tomography studies (e.g., Tajima and
Grand, 1995, 1998; Brudzinski et al., 1997; Tajima et al., 1998).
These studies resolved the ﬁner structure beneath the ﬂattened
slabs in the northwestern Paciﬁc (NWP) subduction zones with
discontinuity depth variations. The result is an important implica-
tion for mantle dynamics. However, the seismic rays used in these
studies were too sparse to constrain the anomaly structure of the
ﬂattened subducted slabs.
More recent studies attempted to determine the MTZ structure
associated with stagnant slabs using broadband data recorded by
the dense seismic networks in China (Wang and Chen, 2009; Wang
and Niu, 2010, 2011; Ye et al., 2011; Li et al., 2013). Nonetheless, the
methods adopted for the waveform modeling are similar to pre-
vious one-dimensional (1D) studies and did not fully utilize the
advantage of data from the dense networks. There are also studies
that determined discontinuity depth variations using long-period
precursors to SS and PP (e.g., Flanagan and Shearer, 1998), short-
period precursors (Collier et al., 2001), or differential travel-times
between sScS and sScSSdS (reﬂections from the discontinuities)
recorded in the dense seismic networks in Japan (Tono et al., 2005).
Recent laboratory experiments determined the phase relations
in the peridotite-water system up to the top of the lower mantle
where dehydration may occur from subducting slabs. Dehydration
is presumed because of the much smaller capacity of hydration of
lower mantle minerals than minerals in the MTZ (e.g., Ohtani et al.,
2004). Further, Ohtani and Litasov (2006) have shown cleardifference in the Clapeyron slope for synthetic mantle minerals
under dry (dehydrated) and wet (hydrous) conditions, and sug-
gested a possibility of wet condition for subducted slabs in the
regions where the seismically observed depression of the 660 km
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explained with cold temperature anomaly alone. On the other
hand, under a wet condition the majorite garnet transformation to
a high-pressure phase takes place at a lower pressure (Sano et al.,
2006). These changes of phase transformation pressures may
correspond to the seismic observations of discontinuity depth
variation between 660 and 690 km as described above (e.g., Tajima
et al., 2009). A possibility of viscosity reduction of garnet-rich
crustal material relative to the surrounding olivine-rich mantle is
also suggested under a wet condition in the MTZ (Katayama and
Karato, 2008). The rheological contrast between the crustal mate-
rial and the slab main body (peridotite) could take an effective role
to control slab dynamics.
Recently, Yoshida et al. (2012) developed a new three-
dimensional (3D) simulation model using a code with ﬁnite-
volume discretization on a staggered grid (Yoshida, 2008a, b), and
performed a series of numerical experiments focusing on viscosity
and density variations around the MTZ. These variations also pre-
sume to represent different geochemical properties. The numerical
experiments indicate substantial difference in the behavior of a
subducting plate between models under wet and dry conditions,
i.e., stagnant slab formation or slab penetration, and the distinct
role of the subducted crust in the MTZ. The subsequent study
expanded the simulation modeling by tracing crustal material
around the MTZ more quantitatively (Yoshida and Tajima, 2013).
In this paper we discuss the effect of deep water transport based
on the 3D numerical simulation that tested the implications or
models postulated for subducted slabs from geophysical observa-
tions and high pressure experiments.
2. Observations and experiments
2.1. Seismic properties associated with subducted plates
Seismic tomography studies have shown various behaviors of
subducted plates as they enter the MTZ (e.g., Fukao et al., 1992,
2001; Grand et al., 1997; Widiyantoro et al., 1999; Grand, 2002;
Ritsema et al., 2004). The slabs are lying ﬂat or piling up (forma-
tion of stagnant slabs) in the MTZ in a fairly broad region of the
NWP subduction zones while the slabs penetrate through the 660-
km discontinuity into the lower mantle in the Indonesian, Kerma-
dec and South American subduction zones. The subducting plates
are colder than the ambient mantle, and this thermal anomaly is
considered as the main driving force of subduction. When the
phase transformation proﬁle of olivine-rich peridotite is referred to,
the phase transformation depths (i.e., seismic speed discontinu-
ities) within the subducted slabs should be different from those in
the surrounding mantle due to the thermal anomalies. The
discontinuity depths may be shallower than 410 km at the top of
the MTZ, and deeper than 660 km at the base of the MTZ.
A number of studies have investigated the global topography of
discontinuity depths or discontinuity depth variation associated
with stagnant slabs using various methods and data such as long-
period precursors to SS and PP (Flanagan and Shearer, 1998;
Shearer et al., 1999), travel times of short-period precursors to pP
and sP (Collier et al., 2001), or receiver function imagingwith short-
period data from the high density seismic networks in Japan (Li
et al., 2000; Niu et al., 2005; Tonegawa et al., 2008). These
studies have shown that the discontinuity depths ﬂuctuate around
410 and 660 km. Collier et al. (2001) summarized that the wide
variability of the measured reﬂectivities from 5% to 13%, which
implies the discontinuity thickness as small as 2e5 km. This
implication has caused problems when interpreting them in terms
of mantle composition, mineralogy and existing global seismic
speed models which suggest larger transition zone thickness orsmaller speed contrasts. One possible explanation is that the
strongest reﬂections occur only under special conditions, possibly
where small-scale topography causes local focusing of seismic
waves.
Tono et al. (2005) used waveform data recorded by
w500 tiltmeters of the dense high-sensitivity seismograph
network, Hi-net andw60 F-net broadband stations in Japan (Okada
et al., 2004) and determined the discontinuity depth variation
beneath the Japan Islands in a unprecedented spatial resolution.
They analyzed the differential travel times between sScS and
sScSSdS (reﬂections from the discontinuity (d) at 410 or 660 km)
and have shown that the 660-km discontinuity is dominantly
depressed beneath the dense seismic stations in southwestern
Japan. Beneath the northern part of the Japan Islands, where the
tomography does not show stagnant slab image, the topography
pattern is a mixture of depressed, normal, or elevated discontinuity
depths. The distribution of discontinuity depths suggests that the
transition from normal (w660 km) to depressed levels (w690 km)
takes place within a horizontal distance of w200 km. Assuming a
Clapeyron slope of 2.5 to 3 MPa/K (Ito and Takahashi, 1989), the
temperature beneath the ﬂattened slab isw200 K colder than the
surrounding mantle. This means that there is a lateral temperature
gradient larger thanw1 K/km beneath the stagnant slabs. The rapid
lateral transition of the phase transformation depths may require
more reason than just the temperature anomaly disturbed by
subducted cold slabs.
There are studies that have been carried out tomodel triplicated
broadband body waveform data (0.03e1 Hz) recorded at regional
stations in the NWP rim (Tajima and Grand, 1995, 1998; Brudzinski
et al., 1997; Tajima et al., 1998; Wang and Chen, 2009; Wang and
Niu, 2010, 2011; Ye et al., 2011). Here, the waveform data were
recorded at regional distances (w14 to 30), turned in theMTZ and
thus strongly sampled the structure associated with the ﬂattened
HSSAs in the MTZ. The waveform modeling has resolving power of
ﬂattened structure and ability to identify speed anomalies distrib-
uted locally near the discontinuity depths that is in contrast to
long-wavelength tomography modeling alone (Tajima et al., 1998).
With body waveform data of more deep focus events
(magnitude  5.5; the occurrence period for 1990e2007), the MTZ
structure with stagnant slabs has been analyzed in detail in the
NWP subduction zones (Tajima et al., 2009). Results of these studies
show structural variations beneath the ﬂattened HSSAs, which are
largely represented by different layered models with HSSAs in the
MTZ with or without a depression of the 660 km discontinuity, in
spite of the 3D nature of subduction.
Fig. 2a shows the summary of structural variation along seismic
rays which are delineated by model M3.11, model M2.0 or other
(see Tajima et al., 2009). Here M3.11 structure is characterized with
HSSA of up to þ3% relative to a standard model, iasp91 (Kennett
and Engdahl, 1991) in the deeper part of the MTZ (w525 to
660 km), and a discontinuity depth depression to 690 km (Fig. 2b).
This structure is suitable to represent a ﬂattened cold slab (olivine-
rich peridotite) predicted by mineral physics studies in the context
of phase transformation of ringwoodite into a higher-pressure
phase (perovskite þ magnesiowüstite) under cold slab geotherm
(Ringwood and Irifune, 1988; Irifune and Ringwood, 1993;
Ringwood, 1994). The HSSA gradually decreases below 600 km
and disappears at w660 km. There is no HSSA between 660 and
690 km. The structure of model M2.0 also has HSSA like M3.11 in
the MTZ but is not accompanied by a discontinuity depth depres-
sion (see Tajima et al., 2009). Taken the proﬁle of ringwoodite, the
lack of discontinuity depth depression in model M2.0 may be
interpreted with the temperature which is normal beneath the
ﬂattened slab. “Other” indicates the structure which is not repre-
sented by a layered model.
Figure 2. Seismic observation associated with stagnant slabs in the NW Paciﬁc subduction zone. (a) Summary of structural variations along seismic rays between deep focus events
and seismic stations in northeastern China. The structures along the rays are delineated by layered model M3.11 (solid navy) or M2.0 (dotted navy), or ‘other’ which is not rep-
resented by a layered structure (solid black) (Tajima et al., 2009); (b) Models, M3.11, M2.0 and iasp91. The stagnant slab distribution in the deeper part of the MTZ is illustrated in the
inset (gray shading) approximately after the tomography model of Fukao et al. (2001). The red rectangles indicate segmented slabs, each of which has a slightly different subduction
direction from others. The portions drawn by dotted lines indicate the stagnated slabs. Model M2.0 has the same HSSA in the MTZ as Model M3.11 but the discontinuity depth is
normal, 660 km.
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the MTZ (Tajima et al., 1998, 2009). The red rectangles denoted as
S1, S2, S3 and S4 in Fig. 2a illustrate the segmented slabs. The
subduction directions of these slabs rotate from northwest beneath
Sakhalin (S4) to nearly west beneath southwestern Japan (S1). The
seismic rays from the events in the Kurile and Izu-Bonin subduction
zones propagated to stations in northeastern China sampling these
slabs strongly. While most of the rays sampled the slabs obliquely
relative to the subduction directions, the rays from Izu-Bonin to
station BJT are subparallel to the subduction direction. These rays
sample the center of slab S1 and are clearly delineated with M3.11
structure. The M3.11 model data are rimmed by M2.0 or other
model data. The ray samplings may be too spotty to extract sys-
tematic patterns of discontinuity depth variation. Even so, the lo-
cations of these depressed discontinuity depths are compatible
with those determined beneath southwestern Japan by Tono et al.
(2005). The database and method of analysis used by Tono et al.
(2005) do not have resolution for the discontinuity features asso-
ciated with slabs S2, S3 and S4.
The small ellipses along the seismic rays in Fig. 2a show the
approximate locations of ray turning where seismic waves aremost
sensitive to the structure. Light blue and navy ellipses indicate
different discontinuity depths of normal (660 km) and depressed
levels (w690 km), respectively. As noted above already, the rapid
lateral transition of the discontinuity depths from depression to
normal may requiremore reason than just the temperature change.
Some P waveforms of deep focus events show blurred triplication
arrivals or substantial later arrivals at certain stations even thoughthe source-time processes are simple. The black solid lines indicate
seismic rays which conveyed such anomalous P waveforms
(denoted as “other” model data) and propagated close to the M2.0
or M3.11 data (also Tajima and Nakagawa, 2006). The small gray
ellipses indicate the turning locations of rays. Fig. 3 shows some
examples of waveform data that strongly sampled the structure
beneath southwestern Japan and are modeled with (a) M3.11 or (b)
M2.0. P waveforms which propagated close to data in (a) or (b) but
could not be modeled with any layered model are shown in (c).
Fig. 4 illustrates how the triplicated seismic waveforms are
sensitive to the structure near the turning depths of the ray paths:
(a) ray paths from a deep event (depth¼w450 km) at distances of
w18 (D1) and w24 (D2); and (b) the calculated travel times for
iasp91, M2.0 and M3.11. The arrows indicate the distances for D1
and D2. At D1 the ﬁrst arriving phase turned in the MTZ, and the
secondary phase in the upper-most lower mantle, followed by the
waves that reﬂected at the 660 km discontinuity. At D2 the ﬁrst
arriving phase refracted in the upper-most lower mantle, and the
secondary phase in the MTZ, followed by the waves that reﬂected
at the 660 km discontinuity. Fig. 4b shows that the travel times
and time intervals between different phases are sensitive to the
models.
The blurred (fuzzy) or broadened waveform data of triplicated
phase arrivals (see the corresponding rays denoted as data of model
“other” in Fig. 2a, and the waveforms in Fig. 3c) may have been
produced by multiple path arrivals of the ﬁrst of the triplicated
phases at very local zones of low seismic speed anomaly (LSSA)
(illustrated with a water-thin red ellipse). The ﬁrst arrivals of these
Figure 3. Observed seismic waveforms for deep focus events in the Izu-Bonin subduction zone (top traces) that strongly sampled the structure in segment S1 are compared with
synthetics which were calculated with an optimummodel (second from top) and other models (lower traces): (a) Data recorded at MDJ or BJT. The optimummodel for these data is
M3.11; (b) Data recorded at MDJ or HIA. The optimum model for these data is M2.0; (c) Data recorded at HIA or BJT and do not agree with any synthetics calculated with a layered
model. The rays are denoted as ‘other’. Note that the time intervals of the ﬁrst and secondary arriving phases in the observed waveform agree well with those of the synthetic
waveforms calculated with the optimummodels in (a) and (b). The triplication is not obvious in the waveforms of the event B19 and B26 data recorded at BJT. But the time intervals
between the ﬁrst and secondary arrivals in the synthetics calculated with model M3.11 agree with the widths of the wavelets.
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data recorded at BJT) were refracted below the 660 km disconti-
nuity (branch CD). There are arrivals between branches CD and AB
suggesting multiple arrivals of waves at branch CD due to LSSA.
These data have not been modeled well but should not be dumped
into a group of poor-quality data as they contain information of
great account for tracing ﬂuids. We will discuss this issue later
in Discussion for conjecture of deep water transport, together with
dehydration induced ﬂuids at the base of the MTZ.
2.2. Implications from high pressure experiments
The compositional properties in the MTZ estimated by seismic
studies could be checked and validated through synthetic experi-
ments under high pressure (P) and temperature (T) conditions.
Recent studies suggest that inclusion of hydroxyls into solidmineral phases, coexisting hydrous ﬂuids and dehydration induced
melts may affect various aspects in chemical and physical proper-
ties in different scales (e.g., Inoue et al., 1998; Jacobson et al., 2004;
Irifune et al., 2008), phase transformation kinetics (Ohtani and
Litasov, 2006), and rheology (Katayama and Karato, 2008).
Experimental results on high water solubility in wadsleyite and
ringwoodite up to 2e3 wt.% H2O suggest that the MTZ can be an
important water reservoir of the Earth (Inoue et al., 1995; Bercovici
and Karato, 2003; Ohtani et al., 2004; Ohtani, 2005; Litasov et al.,
2006; Ohtani and Litasov, 2006). Ohtani’s group carried out a sys-
tematic series of high pressure experiments to determine the phase
relations of hydrous mantle minerals up to the uppermost lower
mantle conditions (Ohtani et al., 2004), and suggests four potential
sites of dehydration along the subducting plate, i.e., the mantle
wedge of the subduction zone, the MTZ, the uppermost lower
mantle and in the lower mantle around 1200e1500 km depths. The
Figure 4. (a) Illustration of triplicated waves from a deep focus event that propagate to stations D1 (<20) and D2 (>20). The water-thin red ellipse near the 660 (or 690) km
discontinuity illustrates the LSSA zone captured by the waveforms. See the main text for details. (b) Reduced P-wave travel times from a deep event (depthw450 km) as a function
of propagation distance calculated for models M3.11 (solid navy), M2.0 (dotted navy) and iasp91 (solid green). The arrows 1 and 2 point the locations of D1 and D2 in the travel time
curves. Branch AeB represents the travel time of waves from MTZ, branch B-C the travel time of waves reﬂected at the discontinuity, and branch CeD the travel time refracted
beneath the discontinuity. At D1 the ﬁrst arriving waves are from MTZ, the secondary arrivals from beneath the discontinuity, and the third ones reﬂected at the discontinuity if
model M3.11 or M2.0 is adopted. At D2 the order of speciﬁc phase arrivals is reversed. Thus, the triplicated waves are very sensitive to the structure near the discontinuity depth, and
can capture associated anomalies well.
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may be dehydration induced ﬂuids or melts at the base of MTZ
during the phase transformation to higher pressure phases.
The phase diagrams derived for peridotite (olivine rich) and
basalt (garnet rich) have shown a clear difference in the Clapeyron
slopes between dry and wet conditions, and the stability ﬁelds of
wadsleyite (Wd) and ringwoodite (Rw) (high P phases of olivine)
expand under wet and low temperature conditions (Ohtani and
Litasov, 2006). The Clapeyron slope of Rw becomes steeper under
wet condition, and its capacity of water content increases under
colder temperature. The results suggest that the seismic observa-
tions regarding the depressed 660 km discontinuity, such as those
observed in the NWP subduction zones, cannot be explained with
cold temperature alone under dry condition but indicate a wet
condition. In contrast the post garnet (majorite) transformation to
perovskite shifts to lower pressures under wet condition than the
transformation pressure under dry condition (Litasov et al., 2005;
Ohtani and Litasov, 2006; Sano et al., 2006).
These are important implications that provide support for a
hypothesis of variable geochemical properties at the MTZ base by
many seismic studies. There is also controversy regarding the vis-
cosity variation in the MTZ and the uppermost lower mantle.
However, the behaviors of subducting slabs of differentgeochemical properties and/or in the surrounding mantle of vis-
cosity variation have not been understood well in the scheme of
plate subduction dynamics. Katayama and Karato (2008) carried
out a high pressure experiment to compare the rheological prop-
erties between olivine and garnet with water effects, and suggested
weaker garnet than olivine under wet conditions in the MTZ. The
weaker garnet which is also denser than olivine in the MTZ
(Ringwood and Irifune, 1988) can ﬂow and descend faster than
olivine-rich material. Accordingly zones of M2.0 may be formed
adjacent to zones of M3.11 structure at the base of MTZ (Tajima
et al., 2009). The lateral heterogeneity with these zones was
observed from seismic waveforms.
2.3. Other geophysical observations
Global scale observations show varying features of electrical
conductivities from region to region associated with stagnant slabs
in the MTZ (Kelbert et al., 2009; Utada et al., 2009). The conduc-
tivities determined for the MTZ in the NWP subduction zones are
high under water-rich condition caused by the deep water trans-
port with cold slabs while the conductivities beneath Europe are
relatively low due to dry stagnant slabs. These studies have pre-
sented intriguing but somewhat vague interpretations in terms of
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limited. Both of the regions show cold stagnant slabs (HSSAs) in the
MTZ in seismic tomography models. Much of the hazy interpreta-
tion arises from our poor understanding of water (or ﬂuids) dis-
tribution in the MTZ and the mechanisms of hydration and
dehydration associated with subduction process.
Here, the higher conductivities determined for the MTZ in the
NWP subduction zones than those beneath Europe (Kelbert et al.,
2009; Utada et al., 2009) do not necessarily require homogeneous
distribution of water in a broad region of MTZ. Instead, the con-
ductivity of the LSSA zone that has a width of less thanw50 km of
ﬂuids could be w15 times as high as the conductivity of the sur-
rounding mantle with stagnant slab. The ﬂuids in the narrow zone
can increase the conductivity for a broad region with a width of
over 500 km in the MTZ. This situation may represent the con-
ductivity in the NWP subduction zone in comparison with that
beneath Europe. Here, w50 km is comparable to the diameter of
Fresnel zone for a P wave propagationwhich bottoms at the base of
the MTZ at w1 Hz.
The inference of mantle viscosity from surface observations
has been based on a number of inversion studies of geodynamic
data (e.g., Forte and Peltier, 1991; Ricard and Wuming, 1991;
King and Masters, 1992; Forte et al., 2010). The viscosity pro-
ﬁles determined by inversions are all characterized by strong
overall increases in viscosity with depth although there are
signiﬁcant differences in the detailed characters of these vis-
cosity models. Postglacial rebound studies have suggested that
no signiﬁcant viscosity decrease occurs at the 410-km seismic
discontinuity. Rather, there may be a viscosity increase with
depth in the MTZ, likely due to pressure dependence (Peltier,
1998). On the other hand, a low-viscosity layer (LVL) just
beneath the MTZ has been suggested from geoid inversion
studies (Cadek et al., 1997; Kido and Cadek, 1997; Kido and Yuen,
2000). Kido and Cadek (1997) admitted that the resolution of
inversion suffers from severe non-uniqueness and was not suf-
ﬁcient to determine the depth and absolute value of the low
viscosity channel. The LVL was considered to be of thermal ori-
ginda thermal barrier at the 660-km boundary arising from the
negative Clapeyron slope induces a high-temperature thermal
boundary layer beneath the MTZ.Figure 5. (a) Overview of the computational domain. The subducting plate is shown with an
subducting and overriding plates are assumed to be Vss ¼ 8 cm y1 and Vos ¼ 3 cm y1, respe
2013). The light blue isosurface shows the temperature of 1000 C. The transparent light gr
(Ol/ Wd), wadsleyite to ringwoodite (Wd/ Rw) phase transition boundaries, and the r
boundary, respectively. The boundary conditions for the top, bottom, and side boundaries of
previous paper by Yoshida and Tajima (2013). (b) Proﬁles of the densities of the mantle (rm3. Numerical simulation of slab dynamics
There are some pioneering studies in numerical simulation that
focused on the interactions between subducting plates and the
mantle phase transition boundaries (Christensen and Yuen, 1985;
Davies, 1995; Zhong and Gurnis, 1995; Christensen, 1996). Recent
studies have carried out simulation of plate interactions with the
phase boundaries in a 2D model space and examined conditions to
produce stagnant slabs in the MTZ (e.g., Cízková et al., 2002, 2007;
Tagawa et al., 2007a, b; Torii and Yoshioka, 2007; Yoshioka and
Naganoda, 2010). As mentioned above, the existence and inﬂu-
ence of an LVL beneath the MTZ has been also suggested by several
studies. Yoshioka and Naganoda (2010) concluded that a subduct-
ing slab tends to stagnate if an LVL exists just below the 660-km
boundary because viscous resistance force between the slab and
the LVL is reduced there. Some studies have suggested that the
secondary upwelling plumes originated from the MTZ can be
attributed to the LVL (i.e., “second asthenosphere”) and the inﬂu-
ence of the second asthenosphere is important in inducing con-
vection layering at 660 km and the “mid-mantle plumes” without a
root in the deep lower mantle (Cserepes and Yuen, 1997, 2000;
Cserepes et al., 2000). These studies have indicated that viscosity
(rheological) heterogeneity in the MTZ or contrast between the
subducting plates and the surrounding mantle may have a primary
effect to control the behavior of subducting plates.
More recently, Yoshida et al. (2012) carried out a systematic
study of 3D numerical simulation and have shown a substantial
difference in the behaviors of the subducting plate and the trace
of crustal material between the models under wet (hydrous) and
dry (dehydrated) conditions in the MTZ. Yoshida and Tajima
(2013) demonstrated the different behaviors of the subducting
plate and the trace of crustal material in the numerical experi-
ments between the models with and without an underlain LVL
beneath the MTZ. They found that a large amount of the crustal
material is temporarily stored in the MTZ, but begins to penetrate
into the lower mantle within 10 My after the beginning of
stagnation. The volume of trapped crustal material relative to the
total subducted crust and the stagnation time in the MTZ were
examined quantitatively to see if the crustal material could
accumulate to make a garnet enriched MTZ or may be recycled inoverlain oceanic crustal layer (green) and harzburgite layer (orange). The velocities of
ctively, and the speed of trench retreat is 3 cm y1 (Yoshida and Tajima, 2013; Yoshida,
ay isosurfaces marked as “p1” to “p3” indicate the depths of the olivine to wadsleyite
ingwoodite to perovskite þ magnesiowüstite (Rw/ Pv þ Mw) phase decomposition
the computational domain and the details of the “boundary region” are described in the
, solid line) and the oceanic crust (rc, dotted line) used in the present model.
F. Tajima et al. / Geoscience Frontiers 6 (2015) 79e9386mantle convection. These issues are important to settle the
debate regarding the fate of subducted oceanic crustal material
(e.g., Ringwood and Irifune, 1988).
3.1. Model setup
The computational domain of mantle convection, which is
numerically modeled as an incompressible Boussinesq ﬂuid with
an inﬁnite Prandtl number, is conﬁned to a 3D regional spherical-
shell in the spherical polar coordinates (r, q, 4) with a thickness of
1000 km and a lateral extent of 10  60 in the q and 4 directions
(Fig. 5a). The ConvRS, a numerical simulation code based on a
staggered grid, particle-in-cell, ﬁnite-volume (FV) method (e.g.,
Yoshida, 2010; Yoshida et al., 2012), is used to simulate mantle
convection. A semi-dynamic model for the subduction zone is
applied to realize plate subduction. The numbers of FVs used are
128 (in r)  128 (in q)  768 (in 4). The model setup in this study is
essentially the same as that used in a previous study (Yoshida,
2013; Yoshida and Tajima, 2013), and hence, it is only described
brieﬂy below.
The dimensionless conservation equations for mass, mo-
mentum, and energy, which govern mantle convection under the
Boussinesq approximation, and the advection equation for the
composition are expressed respectively as:
V$v ¼ 0 (1)
VpþV$hVv þVvtrþ
2
4RaaT X
Nph
i¼1
RaphðiÞGi
þ
XNch
j¼1
RachðjÞCj
3
5z3er ¼ 0 ð2ÞTable 1
Parameters used in the numerical modeling.
Symbol Deﬁnition
g Gravitational acceleration
r0 Reference density of the mantle
a0 Reference thermal expansivity of the mantle
Tm Reference mantle temperature
DT Temperature difference across the model
r1 Earth’s radius
b Thickness of the model domain
k0 Reference thermal diffusivity of the mantle
h0 Reference viscosity of the upper mantle
cp0 Reference speciﬁc heat at constant pressure of the mantle
dT AndersoneGrüneisen parameter for MgSiO3 perovskite
gi Clapeyron slope of the Ol/Wd (i ¼ 1) and Wd/ Rw (i ¼ 2) phase t
Rw/ Pv þ Mw (i ¼ 3) phase decomposition
Drph(i) Density increases at the Ol/Wd (i ¼ 1), Wd/ Rw (i ¼ 2), and Rw/
phase boundaries
Drch(j) Density difference between the crustal material (j ¼ 1) and the surrou
harzburgite layer (j ¼ 2) and the surrounding mantle
Dhlm Viscosity contrast between the Pv þ Mw phase and the reference uppe
Dhoc_wet Viscosity ratio between the crustal material and the surrounding mant
the Ol/Wd phase boundary
Dhhrz Viscosity ratio between the harzburgite layer and the surrounding man
DhLVL Viscosity ratio between the LVL and the surrounding mantle
Dimensionless parameters
Ra Thermal Rayleigh number
Raph(i) Phase Rayleigh numbers for the Ol/Wd (i ¼ 1) and Wd/ Rw (i ¼ 2
and the Rw/ Pv þ Mw (i ¼ 3) phase decomposition
Rach(j) Compositional Rayleigh number for crustal material (j ¼ 1) and the ha
z Mantle/shell radius ratio
E Activation parameter
References: a) Katsura et al. (2009), b) Litasov et al. (2006), c) Katsura and Ito (1989), d)vT
vt
þ v$VT V2T ¼ 0 (3)
vCj
vt
þ v$VCj ¼ 0 (4)
where v represents the velocity; p, the dynamic pressure; h, the
viscosity; t, the time; T, the temperature; Gi, the phase function
(0  Gi  1); Cj, the composition (0  Cj  1); i, the index of each
phase in the mantle; j, the index of each compositionally different
material from the mantle; and er, the unit vector in the radial di-
rection. The dimensionless parameters are the thermal Rayleigh
number Ra, the phase Rayleigh number Raph(i), the compositional
Rayleigh number Rach(j), and the mantle/shell radius ratio z:
Rah
r0a0DTgb
3
h0k0
; RaphðiÞh
DrphðiÞ
r0a0DT
Ra; RachðjÞh
DrchðjÞ
r0a0DT
Ra; zh
b
r1
(5)
where the meanings and values of the other symbols are listed in
Table 1.
The olivine to wadsleyite (Ol / Wd) phase transformation at
the reference depth of 410 km, the wadsleyite to ringwoodite
(Wd/ Rw) transformation at 520 km, and the Rw/ Pv þ Mw
phase decomposition at 690 km are imposed in the model. The
garnet in the oceanic crust is assumed to be 200 kgm3 denser than
that of the depleted peridotite (i.e., surrounding mantle material).
The density increase due to the garnet to post-garnet phase
transformation is assumed to occur at a depth of 660 km under
hydrous conditions (Fig. 5b). In contrast, the density of harzburgite
layer is assumed to be the same as that of the surrounding mantle.
The dimensionless coefﬁcient of thermal expansion of the mantle is
considered to be depth-dependent (see Fig. 2c in Yoshida and
Tajima, 2013), and is given byValue Units
9.8 m s2
3300 kg m3
3.0  105 K1
1573 K
1300 K
6371 km
1000 km
106 m2 s1
1020 Pa s
1250 J kg1 K1
6.5a) e
ransitions and the þ3.9b), þ5.0c), 2.0d) MPa K1
Mw þ Pv (i ¼ 3) 231, 99, 330e) kg m3
nding mantle, and the See Fig. 5b kg m3
r mantle 100 e
le below 103 e
tle 300
101
1.26  107 e
) phase transitions 2.26  107, 9.70  106, 3.23  107 e
rzburgite layer (j ¼ 2). Refer to Eq. (5) and Fig. 5b e
0.16 e
11.5 e
Litasov et al. (2005, 2006), e) Schubert et al. (2001).
Figure 6. Time evolution of the temperature ﬁeld (color contours) and velocity ﬁeld (arrows), and the distribution of crustal (green above Ol/Wd phase boundary to purple under
the boundary) and harzburgite (orange) layers along the cross-section q ¼ 86.25 (see Fig. 5a) for models without the low-viscosity layer (LVL) beneath the mantle transition zone.
Only the part of the model between q ¼ 160 and 200 is displayed. The black line contour intervals for temperature are 200 C. Three yellow lines in each panel show the Ol/Wd,
Wd/ Rw, and Rw/ Pv þMw phase transition/decomposition boundaries at depths of 410 km, 520 km, and 690 km, respectively. The dashed black lines in each panel show the
garnet to post-garnet phase transition boundary at a depth of 660 km.
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rmðdÞ
r0
dT
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where rm(d) is the density as a function of depth associated with
the mantle phase transformations/decomposition (see Fig. 5b), and
dT is the AndersoneGrüneisen parameter (see Table 1).
For the mantle, a dimensionless Arrhenius form is used for the
temperature-dependent and phase-dependent viscosity:
hðT ; GiÞ ¼ exp

Gi$ln DhGi

$exp

2E
T þ Tm 
E
Tm

(7)where Tm (¼1) is the dimensionless reference mantle temperature,
E is the dimensionless activation parameter that controls the
magnitude of the viscosity contrast in the modeled mantle, Gi is the
dimensionless phase function (0  Gi  1), and DhGi is the viscosity
ratio between each phase and the reference upper mantle (olivine
phase).
In the present study, E is ﬁxed at ln(105) ¼ 11.5, which permits a
ﬁve order viscosity contrast between the top surface boundary and
the mantle (Yoshioka and Naganoda, 2010), DhG(i¼1,2) is 1 for the
wadsleyite and ringwoodite phases and DhG(i¼3) is set to be Dhlm for
the Pv þMw phase (i.e., lower mantle), where Dhlm is the factor of
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ﬁxed as 100 (Yoshida, 2013; Yoshida and Tajima, 2013).
In some models the LVL just beneath the MTZ is considered. The
viscosity in the LVL with a thickness of hLVL is replaced by:
h ¼ DhLVL$hðT ; GiÞ (8)
where the viscosity contrast between the LVL and the surrounding
mantle DhLVL is ﬁxed to be 101 (Cserepes and Yuen, 1997, 2000;
Cserepes et al., 2000), and hLVL is taken as a free parameter
(50e100 km; see Section 3.2).
The subducting plate in the present model is composed of three
layers: oceanic crust, harzburgite, and depleted peridotite (Fig. 5a).
The oceanic crust has an initial thickness ofw7.8 km, and its initial
viscosity is deﬁned by Eq. (7). On the other hand, variations inwater
content can have considerable effects on the rheological properties
of garnet-rich crustal material (Katayama and Karato, 2008). To
account for the effects of viscosity reduction under hydrous con-
ditions (Bercovici and Karato, 2003; Ohtani et al., 2004), the vis-
cosity of the oceanic crust below the Ol/Wd phase boundary is
replaced by
hðT ; Gi; C1Þ ¼ DhC1oc_wet$hðT ; GiÞ (9)
where the ratio of viscosity contrast between the oceanic crustal
layer and the surrounding mantle, Dhoc_wet, is ﬁxed at 103 (Tajima
et al., 2009; Yoshida and Tajima, 2013), and C1 represents a
dimensionless composition for the oceanic crustal material
(0  C1  1).
The viscosity in the harzburgite layer with an initial thickness of
w31.3 km is replaced by
hðT ; Gi; C2Þ ¼ DhC2hrz$hðT ; GiÞ (10)
where the viscosity ratio between the harzburgite layer and the
surrounding mantle, Dhhrz, is taken as a free parameter that varies
from 1 to 300, and C2 represents the composition for the harz-
burgite material (0  C2  1). From the previous work by Yoshida
(2013), we found that for a larger Dhhrz, the harzburgite layer of
high viscosity makes the subduction angle to decrease because of
its strength, and thus, the subducting plate tends to easily stagnate
in the MTZ. In the present study, a ﬁxed value of 300 is used for
Dhhrz.
3.2. Results of numerical experiments
First the temporal evolution of temperature and velocity ﬁelds
along the cross-section of q ¼ 86.25 (see Fig. 5a) is shown for the
model without an LVL beneath the MTZ, i.e., DhLVL ¼ 1 in Fig. 6. The
green tracers indicate the initial crustal layer above the Ol/ Wd
phase boundary at 410 km, and the purple tracers the distribution
of the crustal layer below the 410-km phase boundary where the
viscosity reduction takes place under a hydrous condition (Eq. (9)).
The orange tracers show the harzburgite layer.
Fig. 6 shows that the subducting plate begins to stagnate in the
MTZ within an elapsed time of 10 My from the start of simulation.
The lateral extent of the stagnated plate at the base of the MTZ
is  500 km (Fig. 6b). This conﬁguration of the subducting plate is
similar to the stagnant slabs which were observed seismically
beneath the NWP subduction zones (e.g., van der Hilst et al., 1991,
1997; Widiyantoro et al., 1999; Fukao et al., 2001; Grand, 2002;
Zhao, 2004).
However, this phenomenon is rather transient, and the stagnant
slab begins to penetrate into the lower mantle within 10 Myr after
the formation of the stagnant slab (Fig. 6c). A substantial amount of
crustal material starts sinking into the lower mantle along with thesubducting slab main body in less than 20 Myr. A buckled crust
coupled with the harzburgite layer is observed at the heel of
stagnant slab (Fig. 6c and d). This buckling was caused by the
viscous resistance force which the harzburgite layer felt at the top
boundary of the high-viscosity lower mantle. The deformation of
the crustal layer produced here may correspond to seismological
observationswhich suggest remnant subducted crustal materials in
the uppermost lower mantle beneath the Mariana subduction zone
(Niu et al., 2003). A small amount of crustal and harzburgite ma-
terials is trapped in the MTZ for at least over several My which is
still shorter than the transit time of mantle convection (w200Myr).
The transiently accumulated crustal materials at the base of MTZ
may affect the thermal and compositional circulation in the Earth’s
mantle.
Next, we investigate the effects of the LVL beneath the
Rw/ Pv þ Mw phase boundary on the subducted slab behavior
and crustal material traces. Fig. 7 shows the temporal evolution of
temperature and velocity ﬁelds for the model with hLVL ¼ 100 km
along the same cross section as Fig. 6. As suggested in our previous
2D and 3D models (Yoshioka and Naganoda, 2010; Yoshida and
Tajima, 2013), subducting slabs tend to laterally spread in the
MTZ because the resistance force between the slab and the sur-
rounding mantle is reduced in the LVL. After the stagnation starts,
the subducting slab behavior and the crustal material traces are
largely different from the model without an LVL beneath the phase
boundary depth (cf. Figs. 6 and 7). The lateral extent of the ﬂattened
plate in the MTZ (Fig. 7c) is more than twice than in the model
without the LVL (Fig. 6c). Nonetheless, a signiﬁcant amount of
crustal material starts sinking into the lower mantle along with the
subducting slab main body within an elapsed time of 20e30 Myr,
and a buckling is also observed (Fig. 7d) as was in the model
without the LVL (Fig. 6d).
On the other hand seismic waveform analyses suggest that the
LSSA zones may be very local and thin, much thinner than 100 km.
Thus, we tested another model with a thinner LVL, hLVL ¼ 50 km.
Fig. 8 shows that the subducting slab still extends and spreads
laterally and a large amount of crustal and harzburgite materials is
transiently trapped in the MTZ (Fig. 8c). Then, crustal materials
start sinking into the lower mantle within an elapsed time of
20e30 Myr (Fig. 8d) as was observed in the model with hLVL of
100 km (Fig. 7). This result implies that the LVL beneath the MTZ
drastically changes the morphology of subducting slabs and the
traces of crustal materials no matter how thick it is. However, after
the stagnant slab is formed, its behavior seems to be quite sensitive
to the thickness of an LVL (cf. Figs. 7 and 8). The smaller hLVL is, the
closer the slab behavior becomes to the model without an LVL
(Fig. 6).
In summary the results of this numerical study suggest that the
LVL beneath the MTZ has a great impact on the morphology of
stagnant slab and the behavior of the crustal materials in the MTZ.
However, a large amount of crustal materials penetrates into the
lower mantle within 20e30 Myr after the start of the plate sub-
duction and the buckled crustal layer coupled with the harzburgite
layer is observed at the heel of stagnant slab regardless of the ex-
istence of an LVL.
4. Discussion for deep water transport
The new class of mantle convection models of pyrolite compo-
sition can be comparable with long-wavelength seismic tomogra-
phy models. The long-wavelength features (over 1000 km) in
seismic tomography models are consistent with the accounts of
large-scale mantle convection, inwhich the primary driving force is
the gravitational instability caused by thermal anomalies
(Schuberth et al., 2009a). In relatively short-wavelength features,
Figure 7. Same as Fig. 6 for the model with a 100 km thick LVL beneath the MTZ.
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cially in the MTZ (e.g., Becker and Boschi, 2002; Grand, 2002;
Ritsema et al., 2004). The intricate characteristics in the MTZ,
which may affect mantle dynamics, cannot be explained with
thermal anomalies alone (e.g., Schuberth et al., 2009b). The fate of
subducted crustal material in the MTZ and deeper mantle is still a
matter of debate and the separation of crustal materials from the
main body of subducting lithosphere that could cause garnet
enriched MTZ has long been debated (e.g., Anderson, 1979;
Ringwood and Irifune, 1988; Ringwood, 1994).
The less coherent images of short-wavelength features in to-
mography models lead to a variety of implications and dynamicmodels. There are various factors which may explain the less satis-
factory agreement between 3D seismic models of mantle structure
and the reconstructions of mantle heterogeneity in terms of sub-
ducted plates (Forte, 2007). First, the evolution of the slab trajectories
was not determined in a ﬂuid mechanically consistent manner. Sec-
ond, the slab models in numerical experiments assume that ther-
mally generated heterogeneities dominate the mantle, which may
not be applicable in regions of the mantle with signiﬁcant composi-
tional heterogeneity (e.g., Forte and Mitrovica, 2001; McNamara and
Zhong, 2005). These correspond to our argument that the viscosity
contrast between the crust and slabmain bodyunder awet (hydrous)
condition had not been considered in numerical experiments.
Figure 8. Same as Fig. 6 for the model with a 50 km thick LVL beneath the MTZ.
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determined a channel of hydrated mantle material on top of the
subducting plate in northeastern Japan up to a depth ofw170 km.
They suggested that it is a pathway for water released fromhydrous
oceanic crust and reported no such feature is observed below the
depth associated with the subducting slab. The hydration along the
subducting plate at this stage should be the result of dehydration
mostly from grain boundaries of slab minerals. Deeper in the MTZ
the dehydration may be mainly from mantle mineral crystals.
Recent P travel-time tomography models for East Asia addressed
the origin of intraplate volcanic activities with a link to the stagnant
Paciﬁc slab that transported water deep into the MTZ (Wei et al.,
2012; Zhao and Tian, 2013).The other seismological studies observed variation of the
“660 km” discontinuity depth and some anomalous waveforms
which sampled the structure near the base of the MTZ and postu-
lated a hypothesis of variation of geochemical compositions and
highly localized ﬂuids near the phase transformation depth (e.g.,
Tajima et al., 2009). These can be the consequence of deep water-
transport by subducted slabs and dehydration at the phase trans-
formation depth. At depths below the MTZ (approximately 800 to
1200 km) some studies found anomalous reﬂectors/scatterers of
seismic waves beneath the western Paciﬁc and Indonesian sub-
duction zones, and discussed that the scatterers would be most
likely basalt fragments in the subducted oceanic crust (Kaneshima
and Helffrich, 2003, 2010; Niu et al., 2003; Kaneshima, 2009).
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buckling of crustal material behind the root of stagnated slab in the
uppermost lower mantle. A recent study provided evidence for the
buckling of subducted oceanic lithosphere through kinematic
thermal structure analysis andmineral physical calculations (Zhang
et al., 2013).
Our previous numerical studies attempted to test the hypothesis
using a 3D model without a high-viscosity harzburgite layer and
showed that bending of the crustal layer occurs only when an LVL
beneath the MTZ is considered (Yoshida and Tajima, 2013). A recent
high pressure experiment derived models of velocity and density
signatures for the stagnant slab under China using the phase re-
lations measured for harzburgite combined with seismic models,
and found that a buckled slab model yields velocity anomalies (þ1
to 2% for Vp) (Zhang et al., 2013). The present study used a model
with rheological contrasts between the crust, a high-viscosity
harzburgite layer, the lithosphere main body, and surrounding
mantle assuming a wet condition in the MTZ. The result shows that
the crustal layer bends in the model even without an LVL beneath
the MTZ. It also shows that when such an LVL is not considered
beneath the MTZ, only a small amount of subducted crustal mate-
rial is trapped in the MTZ. But when the LVL is considered, a sig-
niﬁcant volume of crustal material is transiently trapped in the
MTZ. However, the once trapped crustal materials sink into the
lower mantle within 20e30 Myr from the start of the plate sub-
duction, a relatively short time as compared with the whole mantle
convection cycle (up to w200 Myr). The results of this study sug-
gest recycling of crustal material in the whole mantle, which is
consistent with the evidence from mantle geochemistry (e.g.,
Albarède, 1998; Coltice and Ricard, 1999) as opposed to two-layer
mantle convection models (e.g., O’Nions and Oxburgh, 1983;
Allègre et al., 1986; Allègre, 1987) (see reviews by Kaneoka, 1995,
2008; Hofmann, 1997; Tackley, 2000, 2007).
High pressure experiments have determined high water ca-
pacity (w2 wt.%) of olivine in the MTZ and suggested that the MTZ
can serve as a water absorber for the mantle scale water circulation
system (e.g., Inoue et al., 1995; Bercovici and Karato, 2003; Ohtani
et al., 2004). Recently many hydrous minerals, such as dense hy-
drous magnesium silicates, have been synthesized at high P and
high T lower mantle conditions and tested for the stability ﬁelds.
Sano et al. (2008) reported their discovery of the stability ﬁeld of
the aluminous hydrous mineral d-ALOOH at pressures from 33 to
134 GPa at 1350 to 2300 K. This implies that this hydrous mineral in
a subducting slab could transport hydrogen deep into the lower
mantle. The experimental results favor our simulation results that
the crustal materials descend into the lower mantle in a relatively
short time after stagnation in the MTZ.
On the other hand, the hydrogen (Hþ) diffusivities measured for
wadsleyite and ringwoodite are very small, i.e., one billion years are
necessary to diffuse Hþ 10’s km (Hae et al., 2006; Ohtani and Zhao,
2009). This implies that the distributions of ﬂuids associated with
hydration/dehydration of stagnant slabs are highly localized, possibly
with a dimension of less than 1 km because the duration time of slab
stagnation in the MTZ is typically less than 20 Myr. Accordingly the
affected zones from hydration/dehydration that surround stagnant
slabs may be thin. Such local zones of LSSA embedded in HSSAs may
not be necessarily captured in tomography studies.
In the numerical simulation the viscosity reduction is applied to
the entire crustal layer because the spatial discretization is set to be
w8 km. But the actual zone of viscosity reduction due to dehy-
dration/hydration process can be much smaller because of the very
small diffusivity rate of wadsleyite and ringwoodite. Even if water is
transported deep into the mantle by various hydrous minerals in
the subducting plate, water dehydrated from the stagnant slab
seems to be distributed in a very local zone. Nonetheless the thin“coat” of reduced viscosity for the subducted slab should effectively
lubricate the slab stagnation and subduction as was tested for
shallow subduction process (Tagawa et al., 2007b).
Our previous 3D numerical experiments produced a model of a
subducted plate (stagnant slab) which consists of the slabmain body
(peridotite) abutted by subducted crustal materials near the base of
theMTZ.Underwet conditions the subductingplate tends to stagnate
with a maximum lateral extent of over several hundred kilometers.
The weaker and denser crustal materials (garnetite) sink faster than
the plate main body (peridotite) that leads to plate segmentation in
the MTZ (Tajima et al., 2009) (see Fig. 3 in Yoshida et al., 2012). The
widths of segmented stagnant slabs are several hundred kilometers
as are observed for the NWP subduction zones (see Fig. 2a).
The higher electrical conductivities determined for the MTZ
associated with the NWP subduction zones than those beneath
Europe (Kelbert et al., 2009; Utada et al., 2009) do not necessarily
require homogeneous distribution of ﬂuids in the broad region of
MTZ. Instead, the LSSA zone (i.e., with ﬂuids) of a width (W) of less
than 50 km could raise the conductivity of the MTZ determined for
a broad region (W w several hundred kilometers of a segmented
slab) beneath the NWP rim by more than an order of magnitude.
Here, the diameter of Fresnel zone along the rays (w1 Hz) from
deep events in the Kuriles or Izu-Bonin to BJI or HIA in northeast
China is about 50 km.
5. Conclusions
We carried out a series of 3D numerical experiments to test the
hypothesis of deep water transport by a subducted plate and the
fate of crustal materials based on seismological observations from
the NWP subduction zones. In the present study we used a model
with a high-viscosity harzburgite layer in addition to the rheolog-
ical contrasts between the crust, the lithosphere main body and
surrounding mantle assuming a wet condition.
(1) The crustal layer bends to stagnate in the MTZ even in the
model which does not include an LVL beneath the MTZ.
(2) When an LVL is not considered beneath the MTZ, only a small
amount of subducted crustal materials is trapped in the MTZ.
When the LVL is considered, a signiﬁcant volume of crustal
materials is transiently trapped in the MTZ.
(3) The once trapped crustal materials sink into the lower mantle
within 20e30 Myr from the start of the plate subduction, a
relatively short time as compared with the whole mantle
convection cycle (up tow200 Myr).
(4) The results suggest the recycling of crustal materials in the
whole mantle, which is consistent with the evidence from
mantle geochemistry as opposed to two-layer mantle convec-
tion models.
(5) The distributions of ﬂuids associated with hydration/dehydra-
tion of stagnant slabs in the MTZ should be highly localized
because the Hþ diffusivity is very small and the duration time
of slab stagnation is typically less than 20 Myr.
(6) Such local zones of LSSA embedded in HSSAs associated with
stagnant slabs may not be necessarily captured in tomography
studies.
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